Introduction
============

West Nile virus (WNV) is not restricted by international borders and involves all continents, revealing adaptation of the virus with different ecological zones. Mosquitoes and birds, as vector and reservoir respectively, play an important role in the virus circulation. Several studies have defined the potential importance of environmental factors on the WNV-vector-host interaction, the virus replication and on the population/habitat of the vector/reservoir ([@B8], [@B26]).

Climate variation, as an environmental factor, has two different effects on ecological processes: (i) direct effects on virus/hosts/vectors, for example, by selecting the variants sensitive, or controlling the physiology of organism such as metabolic processes and reproduction ([@B19], [@B31]), and (ii) indirect effect on the habitats, the ecosystems and the relationships among the organisms ([@B37]). Effect of climatic factors on human WNV infection has been studied by analyzing a spectrum of weather factors for different states in the United States, and demonstrated a relation between these factors and incidence of human WNV cases ([@B36]). Climate variations have changed the geographic and seasonal patterns of WNV with shifting toward new geographic areas and occurring earlier in the transmission season. Gibbs et al. demonstrated that temperature, housing density, urban/suburban land use, and physiographic region are important variables associated with the geographic distributions of WNV in Georgia. In addition, the models according climate and landscape change were used to predict the future expansion of WNV in North America ([@B17], [@B10]).

Environmental factors such as elevation range, physiographic region, and percentage of vegetation cover have been evaluated to determine human WNV risk in Chicago ([@B33]). In western Kenya, mosquito larval presence was associated with lower elevations, greater wetness, short distances to water, and land use ([@B6]).

Among climatic factors, temperature is the most important extrinsic factor affecting the population and dynamic of virus/vector/hosts. Humidity is another factor, which has a direct effect on the survival of mosquitoes, by increasing vector flight and host-seeking behaviors. Survival rate might be reduced when hot weather is accompanied by low humidity. Rain provides the breeding sites for mosquitoes and helps create a humid environment, which prolongs the life of vectors. However, response to precipitation depends on the geographic location, season and the mosquito species ([@B31], [@B32]).

Normalized difference vegetation index (NDVI) is a simple numerical indicator that can be used to assess vegetation density. As plants respond quickly to climate variations, NDVI is related to the climatic variations such as increase or decrease of precipitation, temperature and sunshine level ([@B38]). The first evidence of WN virus circulation in Iran, a country with climatic and environmental diversity, goes back in 1970s when existence of WNV antibodies among healthy human population has been demonstrated ([@B34]). After a several decades gap, in a study carried out among 1054 animal sera collected from different provinces, in 2008--2009, a relatively high circulation of the virus has been found in the country. The study showed a highly heterogeneous prevalence in different provinces, so that a higher prevalence was detected in the southwestern areas while lower prevalence was in the northern areas ([@B1]). According to the last checklist, Iranian mosquitoes include 64 species and 3 subspecies classified in 7 genera and 12 unverified species. The most important vector of WNV, *Culex* spp, includes 19 species ([@B4]). Although, there are many studies on Iranian mosquito fauna, there is no information about WNV vectors in the country.

This study addressed the dynamic and the spatial patterns of WNV transmission by analyzing the geographical and ecology parameters affect the WNV circulation in the infected areas in Iran.

Materials and Methods
=====================

Study area
----------

Iran is bordered by the Gulf of Oman, the Persian Gulf, and the Caspian Sea. It has arid or semiarid climates mostly characterized by low rainfall and high potential evapotranspiration and its location cause it to receive less than a third of the world average precipitation. The complex physical conditions of Iran including topography and landscape have created a diverse climate pattern, so that it led to the formation of different ecological zones with various species of plants and animals ([@B21]).

Furthermore, the climate is influenced by Caspian Sea in north, coastal areas of south of the country, Mediterranean area and Red sea. Alborz and Zagros mountains also play an important role in determining the nonuniform spatial and temporal distribution of precipitation in the whole country.

Iran is located at high latitudes rendering vast differences between seasons in the country. Temperature in Iran is intense function of altitude, latitude and moisture content of the atmosphere. The summer is extremely hot with temperatures in the interior; over 55 °C has been recorded in some places. Humidity prevents temperature fluctuations in the north and south of the country ([@B2]).

The rainy period in most of the country is from November to May followed by dry period between May and October with rare precipitation. The average annual rainfall of the country is about 240 mm with maximum amounts in the Caspian Sea plains.

Collection and processing of data
---------------------------------

### Serological data:

Equine data and their geographic coordinates were obtained from a previous seroprevalence study. The sera (n= 1054) were collected from 260 stables located within 27 of 30 provinces in the country. Diagnosis of WNV antibodies in the sera was performed by using plaque reduction neutralization test (PRNT) ([Fig. 1](#F1){ref-type="fig"}). Antibodies to WNV were detected in 249 (23.7%) of the samples ([@B1]).

![The studied NDVI indicators for the sampling stables](JAD-10-315-g001){#F1}

Landscape and Climatic data
---------------------------

### Climatic data:

We analyzed three climatic factors such as rainfall, temperature and relative humidity, which are very important factors to affect the mosquito breeding activities.

Mean monthly temperature, precipitation and relative humidity data of 10-year period (1996--2005) from 103 stations were obtained from Iran Meteorological Organization (IRIMO). Numerical layers of sampling places and meteo-stations were inputted into ArcMap 9.3 software. The stations and their nearest sampling places were defined by Thiessen method ([@B16]). Mean yearly data was used for analysis between WNV prevalence and climatic parameters. Average temperature and precipitation is given in degrees Celicius and millimeter, respectively. Relative humidity is expressed as a percentage.

**Normalized Difference Vegetation Index (NDVI)** is a simple numerical indicator that can be used to analyze remote sensing measurements and assess vegetation density and whether the target being observed contains live green vegetation or not ([@B9]).

NDVI time series data were acquired by Advanced Very High Resolution Radiomete (AVHRR) sensor onboard the National Oceanic and Atmospheric Administrationr satellite (NOAA).

The images have been extracted from <http://www.class.ngdc.noaa.gov> based on AVHRR level 1B and resolution of 1.1 km. As satellite images cannot be directly combined with other geographic information system, so geometric correction is necessary to bring the images from ground or slant range geometry into a map reference, and for this purpose, we used ENVI 4.3 software. Composites were used to calculate NDVI values using ERDAS 8.7 software and using near infrared (NIR) and red bands as follows: $$\mathit{NDVI} = \frac{\mathit{NIR} - \text{Re}d}{\mathit{NIR} + \text{Re}d}$$

NDVI raster files were imported into a Geographic Information System (GIS, ESRI1, ArcGISTM 9.3). Buffers of 5 and 5--10 km around each sampled point were created with the GIS software and mean NDVI was extracted within each circular buffer. These values were exported into a dbase IV table for further analysis.

Three NDVI indicators were used for analysis, Annual mean NDVI,Seasonal NDVI differences, which is normalized differences of average NDVI for successive seasons in a 5km radius area around each stable and,Local NDVI differences, which is normalized differences of average NDVI between two areas: a 5 km radius area centered on each stable and the 5--10 km surrounding area ([Fig. 1](#F1){ref-type="fig"}).

Dispersal of adult mosquitoes is an important factor in the spatial scale of transmission of vector-borne pathogens. The buffers of 5 and 5--10 km were chosen based on estimates of dispersal distances of *Culex* mosquitoes and their blood-sucking activities on which birds (infected) at the first and then other hosts, such as equines. We assume that to bite a bird, the maximum estimated dispersal of a female mosquito is about 2.5km and similarly in another host (2.5×2=5km). The second buffer area was chosen by the same radius of 5km buffer. Moreover, NDVI contrast between two buffers could be an indicator of localized mosquitoes as well as birds ([@B42], [@B20]).

Distance to the nearest Wetland area
------------------------------------

Iranian wetlands possess a great diversity and provide a habitat for more than 140 migratory and sedentary bird species. Among 42 kinds of wetlands in the world characterized by the Ramsar Convention, all, except one, are found in Iran, indicating an immense variety of Iranian wetlands. Due to the extension of the country, there are a large number of wetlands with a broad range of size: area between a few to 500000 hectares ([@B5]).

The data on wetlands was acquired from Iran Environment protection organization. For this study, we collected the data of 60 important wetlands area, of which 22 are Ramsar sites. The area of these wetlands extends around 2954970.20 hectares ([Fig. 2](#F2){ref-type="fig"}). To define proximity to the wetlands, the shape files of wetlands and sampling sites of animals was imported into ArcMap version 9.3. Using the 'Euclidean Distance' function, from the spatial analyst extension, nearest wetland and its distance to each sampling place was calculated.

![Important studied wetlands and sampling sites](JAD-10-315-g002){#F2}

Statistical analysis
--------------------

Univariate analyses were performed in order to test the relationship between the outcome variable and each explanatory variable. Finally, logistic regression analyses were performed in order to identify which variables were involved in the stables seropositivity.

Explanatory variables used in logistic regression modeling included annual average temperature, relative humidity and precipitation, distance to the nearest wetland, annual average NDVI, Normalized seasonal differences of NDVI, normalized local differences of NDVI and the type of stable (farm or club) ([Table 1](#T1){ref-type="table"}). Normalized seasonal differences of NDVI for two successive seasons S1 and S2 and for stable S was calculated as: (NDVI~S,S2~--NDVI~S,S1~)--(1/N) Σ(NDVI~\*,S2~--NDVI~\*,S1~), where NDVI~x,y~ is the average NDVI value observed in a 5km radius area around stable *x* during season *y*, and N is the number of stables.

###### 

Multivariate logistic model of the presence of anti-WNV seropositive animals in Iranian stables, 2008--2009

  **Variable**                                                                           **Odds-ratio (95% CI)**               ***p***
  ---------------------------------------------------------------- --------------------- ------------------------------------- ---------
  **Type of stable (village of club)**                                                   NS[^2^](#TFN2){ref-type="table-fn"}   0.07
                                                                                                                               
  **Annual mean temperature**                                      Δ=5°C                 2.03 (1.10--3.92)                     0.03
                                                                                                                               
  **Annual mean %humidity^[1](#TFN1){ref-type="table-fn"}^**       \<38%                 Reference                             
  38--46%                                                          NS                    0.12                                  
  46--52%                                                          NS                    0.27                                  
  \>52%                                                            NS                    0.34                                  
                                                                                                                               
  **Annual mean precipitation^[1](#TFN1){ref-type="table-fn"}^**   \<154 mm              Reference                             
  154--247 mm                                                      NS                    0.84                                  
  247--327 mm                                                      NS                    0.67                                  
  \>327 mm                                                         NS                    0.71                                  
                                                                                                                               
  **Distance to the nearest wetland area**                         Δ=10 km               0.73 (0.54--0.99)                     0.05
                                                                                                                               
  **Annual mean NDVI**                                                                   NS                                    0.77
                                                                                                                               
  **Seasonal NDVI differences**                                    Δ~spring-summer~\>0   2.37 (1.07--5.41)                     0.04
  Δ~summer-autumn~\>0                                              NS                    0.96                                  
  Δ~autumn-winter~\>0                                              NS                    0.38                                  
  Δ~winter-spring~\>0                                              NS                    0.92                                  
                                                                                                                               
  **Local NDVI differences**                                       spring\>0             4.26 (1.07--17.98)                    0.04
  summer\>0                                                        NS                    0.11                                  
  autumn\>0                                                        NS                    0.35                                  
  winter\>0                                                        NS                    0.23                                  

Classes bounds based on distribution quantiles

NS= Non-significant

Normalized local differences of NDVI were calculated between two areas; a 5 km radius area centered on the stable and the 5--10 km surrounding area. For stable *x* and season *y*, value was calculated as: (NDVI~x,y,0~--~5km~--NDVI~x,y,5--10km~)--(1/N) Σ(NDVI~x,\*,0--5km~--NDVI~x,\*,5--10km~), where NDVI~x,y,z~ is the average NDVI value observed around stable *x* during season *y* in area *z*, and N is the number of stables.

As the previous study showed a high effect of the type of stables on the seropositivity ([@B1]), we included this variable in the present analyses.

Accuracy (percent of testing sites correctly classified), sensitivity (percent of positive testing sites correctly classified), and specificity (percent of negative testing sites correctly classified) were computed for the model. In addition, the area under the receiver operating characteristic curve (AUC ROC) was calculated as indices of the fit of the model.

All the statistical analyses were conducted using R 2.10.1, and maps were produced with a Geographic Information System (ESRI1, ArcGISTM 9.0).

Results
=======

The stables with at least one positive animal considered as positive stable and 108 of 260 stables (41.5%) were positive for WNV infection.

In the training set, on univariate analysis, all the variables were associated with the presence of WNV antibody (P\< 0.05).

The odds ratio and 95% confidence intervals were calculated for seropositivity and all risk factors. Multivariate logistic regression analyses revealed a strong relation between WNV antibody prevalence and annual mean temperature, distance to the nearest wetland, seasonal NDVI differences and Local NDVI differences variables ([Table 1](#T1){ref-type="table"}).

The average minimum and maximum annual temperature were 5 °C and 27.7 °C, respectively. Annual mean temperature for infected and uninfected places was 19.97 °C (95% CI 18.97--20.97) and 15.58 (95% CI 15.04--16.11), respectively.

The average minimum and maximum annual humidity were 25.6% and 83.8%, respectively. Annual mean humidity for infected places was 44.57% (95% CI 42.07--47.06) and for uninfected places was 47.94% (95% CI 45.98--49.89).

The average minimum and maximum annual precipitation were 50.8 mm and 1759.1 mm, respectively. Annual mean precipitation for infected places was 258.74 mm (95% CI 210.58--306.91) and for uninfected places was 299.18 mm (95% CI 266.83--331.53).

The risk of being WNV seropositive increased for stables located in the area with higher temperature, as 5 °C increase in mean annual temperature was associated with a statistically significant 100% higher prevalence of WNV infection.

[Fig. 3](#F3){ref-type="fig"} [Fig. 3](#F3){ref-type="fig"} shows the aggregation of infected stables within the area with higher temperature.

![Annual mean temperature and geographical distribution of WNV infected and uninfected stables in Iran](JAD-10-315-g003){#F3}

No significant association was observed between type of stable, annual mean humidity, precipitation, annual mean NDVI and seropositivity. It is notable that type of stable is different from their location, as the former more is indicating the management of the stable and the latter indicating geographic location.

There was a significant negative correlation between distance to the nearest wetland and seropositivity of stables. The risk of being WNV seropositive for stables increased (27%) with 10km decrease of distance from the nearest wetland area ([Fig. 4](#F4){ref-type="fig"}).

![Distribution of positive stables (thick line) and of negative stables (thin line) according to the distance to the nearest wetland](JAD-10-315-g004){#F4}

A logistic regression model showed an association between seasonal/local NDVI and seropositivity. A higher significant difference between NDVI of spring and summer within a 5 km radius area around the stable increased the seropositivity four times higher.

The difference of NDVI between two areas, a 5 km radius area centered on the stable and the 5--10 km surrounding area, in spring for infected stables was four times higher that of uninfected stables.

[Fig. 5](#F5){ref-type="fig"} shows annual mean NDVI in spring and distribution of the stables according to the normalized local NDVI differences.

![Annual mean NDVI in spring in Iran and the geographic distribution of WNV infected and uninfected stables](JAD-10-315-g005){#F5}

The ROC analysis resulted in an AUC of 0.838, indicating the model had relatively good discrimination ability. The model computes probabilities for a cell to have a high WNV circulation status. Computing sensitivity and specificity of this prediction for various probability cut-offs clearly showed that at a decision threshold of 0.4. The model had a sensitivity of 75 % and a specificity of 83.6 %. Corresponding positive and negative predictive values were 76.4 % and 82.5 %, respectively ([Fig. 6](#F6){ref-type="fig"}).

![Receiver operating curve of the multivariate logistic model of the presence of anti-WNV seropositive animals in Iranian stables, 2008--2009](JAD-10-315-g006){#F6}

Discussion
==========

The evidence presented here reveals the geographic factors associated with WNV circulation in Iran, which is reported for the first time in the country. Four studied factors, temperature, distance to wetlands, local and regional differences NDVI were correlated to the WNV infection in equine.

Positive anomalies of the temperature in some southwestern province appear to have facilitated the mosquito abundance and, consequently, WNV infection in equine. We observe a north-south gradient of seropositivity following the gradient of annual average temperature. Annual mean temperature above 22 °C was notable in which all, except three, of the stables by this temperature were seropositive. These results are consistent with previous observations made in Egypt ([@B39]). In southern provinces of the country, where the climate is arid, the infection reaches a high level. In Northern provinces, the situation is quite different: warm, wet summers are common, but droughts occasionally occur in late summer and early fall; and outbreaks of WNV can occur at that time. Temperature in Iran gets warmer from west to east and from north to south. Increase of temperature from west to east is due to concentration of the mountains at western part of the country while increase from north to south is because of approaching the equator and increasing of the solar radiation angle. Overall, northern and mountainous parts of the country have higher annual fluctuating and southern areas have relative stability ([@B2]).

Temperature influences the mosquito life cycle, its reproduction rates, development of eggs within the mosquito (gonotrophic cycle), the vector--host contact rate and consequently, virus transmission. Although, [@B29] suggested that higher temperatures may increase or reduce survival rate, depending on the vector, its behavior, ecology, and many other factors. Thus, the probability of transmission may or may not be increased by higher temperatures ([@B39], [@B29]), but it has been shown that even a small increase in temperatures can have a significant impact on transmission of WNV by mosquitoes ([@B25]). Effect of high temperature on increasing of mosquito abundance and vector competency, has also been experimentally proven ([@B12]).

WNV is endemic in people living in the semi-arid regions, where the weather most of the year is decidedly hot and dry. Cases has been regularly reported in subdesertic areas around the Mediterranean basin: (i) along the Nile Valley (Egypt, 1950, 1994) (ii) along the Syrian-African Rift (Israel 1951, 1998--2000, Jordan 2003), (iii) in the Timimoun oasis in the Central Sahara (Algeria 1994) ([@B39], [@B28]). The warmer condition of these area, along with directly effects on vector and host, cause the standing water with high rich organic materials attracting the mosquito and birds, consequently increase the interaction and circulation of WNV between them ([@B14]).

Beside the vectors, temperature often plays a significant role in bird life cycles, availability of food and habitat and also in the distribution of migratory birds ([@B18]).

Precipitation and humidity could have a major influence on the distribution of mosquito species. Humidity increases vector flight and host-seeking behaviors and precipitation is necessary for the formation of mosquito breeding habitats ([@B35]). However, we could not find a significant relation between WNV infection and annual mean humidity/rainfall. Evidences on relationship between WNV/mosquito abundance and precipitation and humidity are variable, some indicate a weak, some strong correlations ([@B36], [@B43]).

Seropositivity was negatively correlated to the distance to wetlands, so, near to wetland can increase infection of the animals to the virus. This is consistent with the previous studies, which showed WNV infection is more strictly linked to the wetlands with abundant bird populations, especially migratory birds. Wetlands provide suitable breeding habitat for mosquitoes and birds and consider as a natural foci of WNV infections in Palearctic. Outbreaks in temperate area, especially in Europe, often have occurred in or near wetlands ([@B22], [@B24]). In 1998, WNV was isolated from horses suffering from neurologic disease and residing in a large wetland area in Italy. In Camargue (France), wetland variations identified as important risk factors in WNV spillover in horses. ([@B3], [@B30]). Moreover, proximity to wetland increase mosquito abundance, as the first three stages of their life is aquatic dependent. Iranian wetlands serve as wintering or staging area for migratory birds coming from WNV endemic area and using the West Siberian-Caspian-East African and Central Siberian-Indus-South Asian flyways ([@B40]).

The strongest association was detected between seropositivity and NDVI, at seasonal and, especially, local differences. While this relation could not be found with annual mean value of NDVI. The local NDVI's contrast during spring is a major risk factor of the transmission of West-Nile virus in Iran. During the early drought season, the stable seropositivity is increasing with the contrast between the local and regional NDVI environment of the stable. This so-called oasis effect is associated to the attractiveness of the local NDVI environment for WNV's vectors (mosquitoes and birds). This oasis effect disappeared in autumn, and the local NDVI's contrast becomes protector (negative impact). This oasis effect is consistent with the seasonal production of vegetation in spring, which is more important compared to the national average (Contrast spring-summer). The higher level of seropositivity of the stables can be related to the attraction of many birds to the resources around these stables ([@B7]). The extreme climatic situation of the southwestern provinces of Iran encourages birds to congregate around shrinking water sites, encouraging viral circulation among birds and mosquitoes, while heat accelerates viral maturation. Droughts and heat wave were found to induce WNV amplification by bringing the hosts and the vectors together. In opposition with the dogma that increasing precipitation predicts mosquito abundance, some authors hypothesize that wild populations should generate outbreaks under drought conditions. Standing water pools become richer in the organic material that *Culex* vectors needs to thrive and the mosquito predators, such as amphibians and dragonflies, are fewer in number ([@B13]). These findings are consistent with the hypothesis that spring= nesting (in an "oasis", the birds will nest closer to the horses) and autumn = dispersal of juveniles (juveniles are going further if they leave from an "oasis"). These findings are also consistent with the fact that viral circulation is related to the presence of chicks, sedentary and still bare skin in altricial species ([@B27]).

High values of NDVI are related to higher photosynthetic activity and improved ecological condition. This suitable condition increases the main food supply, such as arthropods, for most migratory birds. Several studies have used NDVI for assessments of WNV infection foci and its vector habitat. Seasonal difference in NDVI was one the best predictive factors for determining mosquito distribution abundance in the model studied by Jacob et al ([@B23]). Ward et al. investigated association between NDVI and cases of equine WNV encephalomyelitis. They found that the mean NDVI in biweekly periods with reported cases was significantly higher than the mean NDVI in periods without cases ([@B44]).

Climatic condition of Iran varies throughout the country, resulting in a complex hydrological and vegetative landscape, with arid and semiarid areas in the center, southeast and southwest and temperate rain forest in the north. Although areas with high WNV infection rates, such as Khuzestan, have a dry climate, but their water sources are mainly from rivers originated from mountains and precipitations, which play an important role in producing oasis areas in these areas.

Although these results provide a new understanding of some ecological parameters effects on WNV circulation in Iran, additional work is needed. Arboviruses circulation is multifactorial and studies are needed to evaluate various mosquito species for their potential to transmit WNV in Iran. There are many studies on mosquito fauna in Iran, however there is no specific information about WNV vectors. WNV has been identified in numerous mosquito species, including members of the genera *Culex*, *Aedes* and *Ochlerotatus*, but mosquitoes belonging to the *Culex* species are the main vectors for WNV. *Culex pipiens*, the main vector of WNV in US, has spread in different ecological zones of Iran and its distribution is very similar to its climatic distribution in North, South America and Africa. The virus has been isolated from *Cx. vishnui* complex in Pakistan. There are some doubtful records of this mosquito in Iran; however, based on the record of this species in Pakistan, it seems that *Cx. vishnui* may occur in southeastern Iran ([@B45], [@B22], [@B41], [@B11]).

If we consider Iranian WNV vector within *Culex* spp, it is speculated that other than several species may be involved in WNV circulation in south and southwestern parts of Iran, where there is a high circulation of the virus. However, vector competency studies should be conducted on various species of mosquitoes in order to determine the ability of the mosquito species to transmit WNV and detection of the virus from mosquitoes.

Another study was conducted to determine WNV antibody and genome in different species of wild water birds captured from wetlands in Iran. Samples were collected from 26 different species, 15% of which were serologically positive, while no WNV viral RNA-positive samples were found in this study. The majority of positive birds were common coot (*Fulica atra)* ([@B15]). They did not find any positive samples from Khuzestan province where the most important region for the virus circulation is. Moreover, they had a few samples (n=4) from this province, all of which were birds other than common coot, maybe due to lower abundance of common coot (*Fulica atra*) in this area. The area identified with high risk for WNV circulation may be used for entomological or epidemiological surveillance.

Conclusion
==========

The model indicated that local NDVI's contrast during spring is a major risk factor of the transmission of West-Nile virus in Iran. This so-called oasis effect consistent with the seasonal production of vegetation in spring, and is associated to the attractiveness of the local NDVI environment for WNV vectors and hosts. Further studies are needed to understand better the ecology of WNV in Iran. The reservoir hosts and vectors are the keys of circulation of the virus and will be the focus of the future work.
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